Objective: To compare the effect of perinatal regimens of short-course nevirapine (HIVNET 012) and zidovudine [Thai-Centers for Disease Control and Prevention (CDC) regimen] on breast milk viral shedding and perinatal transmission during the first 6 weeks postpartum in a randomized clinical trial.
Introduction
Mother-to-child transmission of HIV-1 is the main cause of pediatric HIV-1 infection worldwide, and is a severe problem in Africa where more than 90% of HIV-1 infected children live. Short-course antiretroviral therapy has been utilized to decrease the risk of mother-to-child transmission of HIV-1 in this setting [1] [2] [3] [4] . Two perinatal therapies that are widely implemented are the HIVNET 012 nevirapine regimen and the Thai-Centers for Disease Control and Prevention (CDC) zidovudine regimen [1, 2] . Both regimens significantly decrease mother-tochild transmission of HIV-1, but have not been compared in a randomized trial.
Breast milk HIV-1 transmission contributes to 30-50% of infant infections in Africa [5] . In a randomized clinical trial conducted in Nairobi, Kenya, 44% of mother-to-child transmission of HIV-1 was attributable to breastfeeding with the majority of breast milk transmissions occurring within the first 6 weeks of life [6] . Elevated breast milk HIV-1 RNA was associated with increased transmission, and HIV-1 RNA levels were significantly higher in breast milk obtained in the first 10 days after delivery than in breast milk obtained in the latter postpartum period [7] .
Because perinatal administration of antiretroviral medications may have a significant impact on HIV-1 virus levels in breast milk and early breastfeeding transmission, we compared short-course zidovudine and nevirapine regimens in a randomized clinical trial to determine the effect on HIV-1 RNA levels in breast milk and infant transmission during the first 6 weeks postpartum.
Methods

Study population
The study protocol was approved by the institutional review boards at the University of Washington, USA and the Kenyatta National Hospital, Kenya. The study was designed to compare the effect of nevirapine (HIVNET 012 regimen) and short-course zidovudine (Thai-CDC regimen) on the quantity of HIV-1 RNA in breast milk during the first 6 weeks postpartum. The primary outcome was HIV-1 RNA viral load in breast milk and the secondary outcome was mother-to-child transmission of HIV-1 at 6 weeks. The sample size was calculated to be 50 women in each arm to detect a 0.75 log 10 HIV-1 RNA difference in breast milk with greater than 90% power.
Pregnant women attending antenatal clinic at the Mathare North City Council Clinic in Nairobi, Kenya were offered HIV-1 serological testing after counseling by nurse counselors. Women who were HIV-1 seropositive were counseled on mother-to-child transmission of HIV-1 and the risks and benefits of breastfeeding versus formula feeding. Women at or below 32 weeks' gestation who opted to breastfeed were referred to the research clinic at the same location. Women were eligible to participate in the study if they were above 18 years of age, had no previous exposure to antiretroviral medications, had hemoglobin concentrations ! 8 g/dl, agreed to home visits, and resided in the clinic catchment area.
Enrollment, randomization, and delivery
Women were enrolled after written informed consent. At enrollment, a study physician performed a physical examination and interviewed the participant. Peer counselors accompanied participants to their houses to confirm locations for future home visits. At 32 weeks gestation, blood was taken to determine CD4 cell count and HIV-1 RNA virus levels.
At 34 weeks' gestation, women were randomized to one of two antiretroviral regimens using computer-generated block randomization that was concealed until time of randomization. Randomization was revealed through numbered envelopes by the study physician who assigned the treatment regimens. Study investigators and participants were not blinded to the interventions. One regimen (HIVNET 012) was the oral administration of 200 mg of nevirapine to the mother at the onset of labor, and a single 2 mg/kg (6 mg if birthweight > 2.5 kg) oral dose of nevirapine suspension administered to the infant within 72 h of delivery. The second regimen (Thai-CDC) was the oral administration of 300 mg of zidovudine twice daily to the mother from 34 weeks' gestation until the onset of labor and 300 mg orally every 3 h from the onset of labor until delivery. After randomization, participants were seen weekly in clinic until delivery.
At or within 3 days of delivery, maternal blood was obtained for CD4 cell count and HIV-1 RNA virus levels and infant blood was collected on filter paper for HIV-1 DNA. For mothers and infants in whom early collection was not achieved, specimen blood collection was performed within 2 weeks of delivery during a home visit.
Postpartum follow up
Mothers and their infants were followed for 6 weeks after delivery. Each woman was scheduled to have 2-5 ml of breast milk collected at her home by peer counselors at 14 time points separated by at least one day within the first 6 weeks. In general, peer counselors scheduled to collect breast milk during home visits between 2 and 4 times per week. Peer counselors obtained breast milk by observing mothers manually express milk from a single breast into a sterile 10 ml container. For each mother, breast milk was obtained from the same breast at every time point. Information concerning breastfeeding practices was elicited through questionnaires administered at each home visit. At 6 weeks postpartum, participants returned for a clinic visit with the study physician. At this visit, maternal blood was drawn for CD4 cell count and HIV-1 RNA virus levels and infant blood was collected on filter paper for HIV-1 DNA.
Laboratory methods
Breast milk samples were centrifuged at 710 g for 20 min, the lipid layer was discarded, and the supernatant was aspirated into a separate tube [8] . The cell pellet was stored in liquid nitrogen and the breast milk supernatant samples were frozen at À708C. The samples were subsequently shipped from Nairobi, Kenya on liquid nitrogen to Seattle, Washington, where they were stored at À708C. The samples were thawed at the time of analysis and HIV-1 RNA virus levels were measured using the Gen-Probe HIV-1 viral load assay (Gen-Probe Incorporated, San Diego, California, USA) as previously described [9, 10] . The lower limit of detection of HIV-1 RNA in breast milk with the reagents used in this study was defined to be 100 copies/ml based on parallel testing of HIV-1 negative samples and samples spiked with low copies of HIV-1 RNA.
Quantitative viral HIV-1 RNA levels of maternal plasma were determined using the Gen-Probe HIV-1 viral load assay [9] . CD4 cell counts were determined using flow cytometry (FACScan, Becton Dickinson, Franklin Lakes, New Jersey, USA). Infant HIV-1 infections status was determined by PCR for HIV-1 DNA as previously described [11] .
Statistical methods
All analyses were intent-to-treat and were performed using SPSS version 11.5 (SPSS Inc, Chicago, Illinois, USA) and S-Plus 2000 (MathSoft Inc, Seattle, Washington, USA). Viral load data were log 10 transformed. Breast milk HIV-1 RNA viral load data which measured below the lower limit of detection (100 copies/ml) was assigned a value at the midpoint between the lower limit of detection and zero (50 copies/ml). Analyses included grouping breast milk samples by weekly and daily postpartum intervals. If multiple samples were available from a woman within a particular time interval, then the mean of these samples was used in analyses. Comparisons of median log 10 HIV-1 RNA viral load across treatment arms were performed using the Mann-Whitney U test.
Kaplan-Meier estimation was used to calculate rates of infant HIV-1 infection at 6 weeks postpartum, and the z test was used to compare these infection rates. The time to HIV-1 infection in the infant was defined as the midpoint between the last negative and first positive HIV-1 PCR.
Results
Study population
Enrollment began on 5 March 2003 and ended on 31 October 2003. During this time period, 2732 pregnant women were offered HIV-1 testing, of whom 1865 (68%) accepted. Among the women tested, 319 (17%) were HIV-1 seropositive and 76 women were enrolled in the study. Of the 243 remaining women with positive HIV-1 tests, 97 (40%) did not return to be informed of the study; 72 (29%) were ineligible due to decision to formula feed, previous exposure to antiretroviral drugs, illness, age, or plan to move from Nairobi; 53 (22%) were too late in gestation; 12 (5%) expressed no interest in participating in the study; and 9 (4%) did not receive test results. Excluded women who returned for HIV-1 results and their infants were given nevirapine during labor and delivery as per Kenyan national guidelines. Of the 76 women enrolled, 10 were lost to follow up before randomization at 34 weeks' gestation, 34 were randomized to the nevirapine regimen, and 32 were randomized to the zidovudine regimen ( Fig. 1 ). There were no adverse events or side effects reported in either intervention group.
At enrollment and delivery, characteristics of women who gave birth were comparable across the two study arms and similar to all who were randomized (Table 1) . Of the 66 women who were randomized, 60 women were followed through delivery and had breast milk collected. Thirty of these women were randomized to zidovudine and 30 to nevirapine. Characteristics of neonates were also similar at birth in the two treatment arms (Table 1) .
At the 6-week study endpoint, 56 mothers and 55 infants were assessed and analyzed. In the zidovudine arm, one mother moved away from the study site, one mother died, and two infants died prior to 6 weeks. In the nevirapine arm, one mother decided to formula feed exclusively and chose not to participate further in the study. Overall, in the zidovudine arm 27 mothers (90%) and 26 (87%) infants were assessed while in the nevirapine arm 29 (97%) mothers and 29 (97%) infants were assessed at 6 weeks. All of these women were reported as having exclusively breastfed their infants.
Self-reported and observed adherence to treatment medications was high. The median duration of zidovudine therapy was 5 weeks and 97% of women in this treatment arm received at least 2 weeks of antenatal zidovudine treatment before delivery. Of women who took antenatal zidovudine, 87% attended all scheduled antenatal clinic visits. A pill count performed at 50% of clinic visits made by women in the zidovudine arm found that 83% of all zidovudine doses were taken. The median length of labor in the zidovudine treatment arm was 10 h and participants received an appropriate median number of three zidovudine (300 mg) doses during this time ( Table 1 ). All women in the nevirapine treatment arm reported taking one dose of nevirapine during labor.
Breast milk HIV-1 RNA viral levels A total of 795 breast milk samples were collected from 60 women over the first 6 weeks postpartum: 391 samples were collected from 30 women in the zidovudine arm and 404 samples were collected from 30 women in the nevirapine arm. The median number of breast milk samples collected per woman was 14. Breast milk was collected between 1 and 49 days postpartum with half of the total number of samples collected within the first 14 days after delivery.
During the first 2 days postpartum, there was a trend for mothers randomized to nevirapine to have higher HIV-1 RNA viral loads in breast milk compared to those in the zidovudine arm (median log 10 HIV-1 RNA, 3.08 versus 1.70, P ¼ 0.1). Between days 3 and 7, mothers randomized to nevirapine tended to have lower HIV-1 RNA viral loads in breast milk compared to those treated with zidovudine (median log 10 HIV-1 RNA, 1.98 versus 2.42, P ¼ 0.1) ( Table 2 ). The suppressive effects of nevirapine compared to zidovudine was statistically significant in the second week postpartum (median log 10 HIV-1 RNA, 1.78 versus 2.48, P ¼ 0.005), and continued through the third week (median log 10 HIV-1 RNA, 1.90 versus 2.97, P ¼ 0.003). In the fourth, fifth, and sixth weeks postpartum there was no significant difference in breast milk HIV-1 RNA viral load between the two treatment arms ( Table 2 ).
Narrowing the time analysis to daily intervals when breast milk was scheduled for collection reinforced the weekly analysis of breast milk HIV-1 RNA suppression. Between days 3 and 4, there was no longer a trend for differential HIV-1 RNA suppression by nevirapine compared to zidovudine (2.42 versus 2.75, P ¼ 0.3) ( Table 2 ). By days 7-8, nevirapine significantly suppressed HIV-1 RNA in breast milk compared to zidovudine (1.70 versus 2.16, P ¼ 0.04) and this effect was found in daily analyses through days 17-20 (2.08 versus 2.98, P ¼ 0.06). Similar to the weekly analyses, there was no significant difference between the treatment arms in breast milk HIV-1 RNA suppression after 21 days (Fig. 2) .
HIV-1 transmission at 6 weeks postpartum
All 60 infants who were born had HIV-1 assessment performed within 2 weeks of delivery. Subsequently, three infants were lost to follow up and two died before reaching the 6-week postpartum endpoint. Blood samples for HIV-1 DNA were obtained from 55 infants (92%) at 6 weeks. Two weeks after delivery, there were two infants infected in the zidovudine arm and one infant infected in the nevirapine arm. By 6 weeks postpartum, there were eight infants infected in the zidovudine arm and two infants infected in the nevirapine arm. The cumulative perinatal HIV-1 transmission rate at 6 weeks was 6.8% [95% confidence interval (CI), 0.0-15.9%] in the nevirapine arm versus 30.3% (95% CI, 12.7-47.9%) in the zidovudine arm, and differed significantly between the two arms (P ¼ 0.02) (Fig. 3) . In sensitivity analyses considering infants with incomplete follow up, nevir-apine remained significantly associated with lower transmission risk (P ¼ 0.008, all infants infected; P ¼ 0.04, all infants uninfected).
Discussion
In this randomized comparison of two widely used perinatal antiretroviral regimens, breast milk HIV-1 RNA and mother-to-child HIV-1 transmission were significantly lower among mothers who received nevirapine than those who received short-course zidovudine. Breast milk HIV-1 RNA was suppressed between 3 and 21 days after delivery in the nevirapine arm compared to the zidovudine arm in this study. Prolonged breast milk HIV-1 RNA suppression among women who received single-dose intrapartum nevirapine compared to women who received antenatal and intrapartum zidovudine most likely reflects the differing pharmacokinetics of the two drugs [12] . In a Ugandan study, the plasma half-life of nevirapine was 61 h and nevirapine concentration in breast milk was >100 ng/ml 1 week following singledose administration [13] . In contrast, the plasma half-life of zidovudine in pregnant women is 1 h, limiting its ability to suppress breast milk virus for an extended time period [14] . Thus, while we observed a trend for intrapartum zidovudine to suppress HIV-1 RNA virus in breast milk immediately after delivery, this effect diminished compared to nevirapine after the second day.
In this study, nevirapine was associated with a profound decrease in HIV-1 RNA virus in breast milk compared to zidovudine. During the second week postpartum, nevirapine resulted in up to 1 log 10 lower breast milk viral load and undetectable viral levels in over 60% of breast milk samples collected. Breast milk HIV-1 RNA levels have been found to correlate with vertical transmission of HIV-1 [15] [16] [17] [18] . In one study among antiretroviral naive women, a 1 log 10 decrease in breast milk HIV-1 RNA levels was associated with a twofold reduction in mother-to-child HIV-1 transmission [7] . Studies have suggested that transmission through breast milk may be particularly high-risk within the first month postpartum [6, 19, 20] . The finding of this study that nevirapine significantly suppressed breast milk HIV-1 RNA throughout most of the first month postpartum may therefore partly explain the efficacy of nevirapine in decreasing HIV-1 transmission in breastfeeding populations.
An unexpected finding in this randomized trial was that mother-to-child HIV-1 transmission risk at 6 weeks postpartum was significantly reduced in the nevirapine arm compared to the zidovudine arm. These regimens are widely considered to be similar in efficacy in reducing HIV-1 perinatal transmission [20] , however they have not been compared directly in a randomized trial. Transmission risk for zidovudine was higher and for nevirapine was lower in our study than in larger previously published trials of each regimen, but most estimates from previous trials were contained in the 95% CI for our estimates [21] [22] [23] [24] . Although our study was small and not primarily designed to evaluate effects on transmission risk, it suggests that nevirapine may be more effective than short-course zidovudine in decreasing mother-to-child transmission in breastfeeding cohorts and certainly confirms the benefit of this simple regimen.
Nevirapine added to zidovudine has been shown to significantly reduce HIV-1 transmission in non-breastfeeding mothers, suggesting that part of its effect is via exposure prophylaxis [25] . Our study suggests that in breastfeeding mothers the suppression of breast milk HIV-1 RNA contributes to decreasing HIV-1 transmission to infants. It is therefore plausible that regimens that combine zidovudine and nevirapine may be more beneficial in breastfeeding than non-breastfeeding cohorts because of the dual mechanisms of action. It also supports evidence from other studies that extending maternal antiretroviral prophylaxis into the early postpartum period may substantially reduce the risk of mother-to-child HIV-1 transmission among breastfeeding mothers [3, 4] . Our study was unique in intensively delineating breast milk HIV-1 RNA shedding during the first 6 weeks postpartum. On average, 14 specimens were obtained per woman in the 6-week postpartum period with breast milk specimens obtained almost every other day for the first 2 weeks postpartum. Randomized allocation to either zidovudine or nevirapine enabled serial comparison of breast milk HIV-1 for the two regimens side by side. Frequent home visits for breast milk collection also meant close monitoring of breastfeeding practices where exclusive breastfeeding was observed. Enrollment was stopped after preliminary analyses demonstrated significant differences in the primary outcome between study arms.
The prolonged effect of nevirapine found in this study underscores the concern regarding the potential for selection of resistant virus [26] . The effect of a single dose of nevirapine was sustained for 3 weeks amounting to prolonged monotherapy. It is unknown how effective nevirapine will be for repeated prevention of HIV-1 perinatal transmission. Breast milk virus may not be suppressed for as long in a woman who had previously received perinatal nevirapine because of selection of nevirapine-resistant strains. Further studies will be important to define effects of these regimens on prevalence of viral resistance in breast milk.
We found that nevirapine resulted in significantly greater reduction of breast milk HIV-1 RNA and mother-tochild transmission of HIV-1 compared to zidovudine.
Our study suggests that nevirapine exerts at least part of its effect on reducing mother-to-child transmission by lowering breast milk HIV-1, and that this regimen may be superior to short-course zidovudine in breastfeeding HIV-1 infected mothers.
